Habitat size, quality and isolation determine the genetic structure and diversity of populations and may influence their evolutionary potential and vulnerability to stochastic events. Small and isolated populations are subject to strong genetic drift and can lose much of their genetic diversity due to stochastic fixation and loss of alleles. The mountain white-eye Zosterops poliogaster, a cloud forest bird species, is exclusively found in the high mountains of East Africa. We analysed 13 polymorphic microsatellites for 213 individuals of this species that were sampled at different points in time in three mountain massifs differing in habitat size, isolation and habitat degradation. We analysed the genetic differentiation among mountain populations and estimated the effective population sizes.
INTRODUCTION
Habitat size, habitat quality and isolation affect the demographic and genetic structure of local populations as well as their spatial structure (Fahrig, 2003) . Large and interconnected habitats have the potential to harbour genetically diverse populations (Frankham, 2005) . In contrast, small and isolated habitat fragments provide limited resources for small local populations that are often characterized by low genetic diversity due to stochastic drift effects (Frankham, 2005) . As a result of demographic and genetic stochasticity, small populations in isolated habitats are often of conservation concern.
One way to test for the effects of geographical isolation and patch size on the genetic makeup of local populations is to test for genetic differentiation and to estimate their effective population size (N e) (according the definition by Wright, 1938) . Estimating Ne helps to determine how vulnerable a population is to stochastic effects (Charlesworth, 2009 ) and thus provides important information on the conservation status of a population or species (Luikart et al., 2010) .
However, robustly estimating Ne in natural populations is challenging as the best approaches require large numbers of samples collected from the same population, best sampled at multiple points in time (Barker, 2011; Habel et al., 2014a) . In cases where such samples are available, spatio-temporal genetic analyses can give insights into the mechanisms underlying population differentiation, and can inform scientists and conservationists on the threat status of a local population (Palstra & Ruzzante, 2008; Luikart et al., 2010; Phillipsen et al., 2011; Horreo et al., 2013) .
In this study, we analyse the degree of population differentiation and estimate the effective population sizes of the mountain white-eye Zosterops poliogaster. This bird species is exclusively found at higher elevations across the East African highlands (Moreau, 1957; Mulwa et al., 2007) and differs morphologically, genetically and bioacoustically from its lowland congeners and within the same taxon among distinct mountain populations (Moreau, 1957; Zimmerman et al., 1996; Redman et al., 2009; Cox et al., 2014; Habel et al., 2013 Habel et al., , 2014b Husemann, Ulrich & Habel, 2014) .
One way to understand potential forces driving this diversification is to estimate the effective population sizes, as these determine the relative importance drift may play. Small effective population sizes (below 500 individuals) allow for larger effects of stochastic events and drift. The availability of large numbers of individuals collected during the past allows us to estimate N e based on multiple time points. We genotyped 13 polymorphic microsatellites in four Z. poliogaster populations collected at multiple time points at three mountain blocks. The locations represent forests differing in size, geographical isolation and habitat quality. Based on the data we (i) test for potential differentiation among the local populations and (ii) estimate the effective population size for each population. We finally (iii) interpret our data against the background of future conservation management.
MATERIAL AND METHODS

STUDY SPECIES
Zosterops poliogaster is a small passerine bird (Fig. 1 ) which occurs in the mountain cloud forests of East Africa. It requires cool and moist climatic conditions and is hence restricted to distinct mountains (> 1000 m, Moreau, 1957; > 850 m, Mulwa et al., 2007) . This disjunct distribution over long time periods caused strong differentiation on molecular, morphological and bioacoustic levels (Moreau, 1957; Zimmerman et al., 1996; Redman et al., 2009; Habel et al., 2013 Habel et al., , 2014b Cox et al., 2014; Husemann et al., 2014) . Some mountain populations have recently taxonomically been treated as distinct subspecies or even species, e.g. Z. p. silvanus or Z. silvanus in the Taita Hills (Collar, Stattersfield & Crosby, 1994) , Z. p. mbuluensis in the Chyulu Hills (Zimmerman et al., 1996 ), or Z. p. kulalensis or Z. kulalensis found at Mt Kulal (Collar et al., 1994 .
STUDY REGION AND HABITAT
We sampled populations in four forest patches from three mountain regions, including Mt Kulal in the north and the Taita Hills and Chyulu Hills in the south (Fig. 1 ). The habitats differ in size and spatial configuration. The Taita Hills constitute a mountain massif divided into two sections by a 5-km-wide valley, the larger Dabida section with the forest patch 'Ngangao' and the smaller Mbololo section with the forest patch 'Mbololo' (Fig. 1, inset) . The cloud forest of the Taita Hills has been heavily deforested and disturbed in recent decades (Pellikka et al., 2009 ). The Chyulu Hills, located 75 km north-west of the Taita Hills, form a comparatively large mountain range which is covered by relatively intact cloud forest. The third mountain range, Mt Kulal in the north of Kenya, still harbours large patches of wellpreserved cloud forest (Wass, 1995) . This mountain is highly isolated from other populations of Z. poliogaster (closest in the Central Kenyan Highlands) (Zimmerman et al., 1996) . As Z. poliogaster also occurs in secondary habitats such as gardens and exotic tree plantations outside of pristine cloud forest (J.C.H., L.L. and L.B., pers. observ.), we calculated the spatial extent of the required moist and cool climatic niche available above 850 m, where Z. poliogaster could be observed in previous studies (Mulwa et al., 2007) (in the following called 'suitable habitat'). Details of habitat characteristics and GPS coordinates for each forest patch are given in Table 1 .
MOLECULAR ANALYSES
We sampled 213 individuals of Z. poliogaster that had been collected between 1938 and 2010 using mistnets. The individuals were released at the site of capture (except for museum specimens collected in 1938 in the Chyulu Hills). Sample size ranged from 10 to 35 individuals per population and the respective time point. Temporal cohorts are separated by 13 years or more. Feathers or blood samples were stored dried under dark and cool conditions, in pure ethanol or dimethyl sulphoxide at −20°C or at room temperature until DNA extraction. Museum specimens collected in the Chyulu Hills were kindly provided by the National Museums of Kenya, Nairobi. From these we used toe pads that are known to yield high-quality DNA (Fulton, Wagner & Shapiro, 2012) . Specific information on the type of sample -feather, blood, tissue and storage conditions -are given for each individual in the Supporting Information, Table S1 .
DNA extraction was performed using a Qiagen DNeasy Tissue Extraction Kit following the manufacturer's protocol for blood and tissue, as well as the user-developed protocol for feathers (De Volo et al., 2008) . For PCR reactions we used the Thermozym Mastermix (Molzym). PCR was carried out with a thermal cycler (Corbett Research, CG1-96) under primer-specific conditions. The following 13 primers were used: Cu28, LZ44, LZ41, LZ22, LZ45, LZ14, LZ54, LZ4, LZ35, Mme12, LZ18, LZ50 and LZ2 (Habel et al., 2013 (Habel et al., , 2014a . Further information on DNA amplification and detection of fragment lengths are given in Habel et al. (2013) . MicroChecker v.2.2.3 (Van Oosterhout et al., 2004) was used to test the quality of the genetic data set to check for genotyping errors due to stutter bands, null alleles and large allele dropout. We tested for deviations from Hardy-Weinberg equilibrium and linkage disequilibrium Table S2 .
To partition genetic variance among populations, i.e. mountain ranges, between temporal cohorts and among individuals within populations as well as within individuals we conducted non-hierarchical and hierarchical analyses of molecular variance (AMOVAs).
Individual-based assignment tests were performed with the program Structure v.3.1 (Hubisz et al., 2009) . With this approach we are able to detect the most probable number of genetic clusters without a priori definition. We carried out a total of 90 runs (10 each for one to nine clusters), i.e. K = 1 to 9 (the maximal number of cohorts). For each run, burn-in and simulation lengths were 300 000 and 500 000, respectively. We calculated the ad-hoc statistic ΔK, based on the rate of change in the log probability of data between successive K values to determine the best K (Evanno, Regnaut & Goudet, 2005) .
We employed both single sample and temporal approaches to estimate N e from the genetic data. The single sample method used is based on linkage disequilibrium and adjusts for missing data (LDNe implemented in NeEstimator v.2.01, Do et al., 2013) . The temporal methods applied all use multiple time points but have different assumptions and use different algorithms: (1) TM3 assumes closed populations, is based on coalescence and uses Bayesian statistics to calculate the likelihoods of specific Ne (Berthier et al., 2002) ; (2) TempoFS estimates genetic drift between temporally spaced samples using the Fs measure of allele frequency change (Jorde & Ryman, 2007) ; (3) MLNe (Wang & Whitlock, 2003 ) uses a maximum-likelihood approach to estimate drift between temporally spaced populations -here we used the option of no gene flow as populations are strongly isolated (Habel et al., 2014a, b) . Lastly, we employed the two moment-based estimators implemented in (4) N eEstimator (Pollak, 1983) and (5) MLNe. As all approaches have different assumptions and may perform differently in specific situations (Barker, 2011; Holleley et al., 2014) , we calculated the harmonic means of all temporal estimates (excluding infinite estimates) as our final estimate for Ne for each population, as recommended by Waples (2005) and Johnstone et al. (2012) .
RESULTS
Patch size based on the spatial extent of the required moist and cool climatic niche (see above) and geographical isolation differed among the three studied mountain ranges. The Chyulu Hills and Mt. Kulal both harboured large forest patches (2000 ha each) and the largest extent of climatically suitable habitat (Chyulu Hills: 293.7 km 2 , Mt. Kulal: 67.3 km 2 ). Within the Taita Hills, Ngangao forest was characterized by the smallest patch size (92 ha) and an intermediate extent of surrounding climatically suitable habitat (38.2 km 2 ), whereas Mbololo forest was characterized by an intermediate patch size (220 ha), but the smallest extent of surrounding climatically suitable habitat (14.1 km 2 ) ( Table 1) .
We found no significant linkage disequilibrium and deviations from Hardy-Weinberg equilibrium for any of the loci, and only marginal effects due to null alleles and/or large allele dropout for loci ZL2 (Ngangao population), ZL4 (Ngangao and Mt. Kulal population) and ZL18 (Ngangao population) in both temporal cohorts. AMOVAs showed that the majority of genetic variance was attributed to among-group variation, with a high proportion of the molecular variance explaining the differentiation among the three mountain regions (1.1283; F CT = 0.4751, P < 0.0001); the strongest divergence was found between the geographically adjoining Taita Hills and Chyulu Hills (1.3467; FCT = 0.5352, P < 0.0001), followed by the split between the two most distant mountain ranges Taita Hills and Mt. Kulal (1.1400; FCT = 0.4734, P < 0.0001). The smallest divergence was detected between the two geographically strongly isolated mountain ranges Chyulu Hills and Mt. Kulal (0.5590; FCT = 0.2952, P < 0.0001). The two populations sampled in the Taita Hills (Dabida and Mbololo) showed low, but significant, genetic differentiation (0.0490; FCT = 0.0417, P < 0.01) (Table 2A) . Except for the population from Mt. Kulal, no genetic divergence was detected between temporal cohorts (Table 2B ). Population-specific FIS values showed no differences between time cohorts (Table 2C ).
The results from the Bayesian Structure analyses are in congruence with our AMOVA results. We detected a first split between the Taita Hills and all other mountain clusters (for K = 2) (data not shown). A structuring into three mountain clusters (K = 3) was supported by a high ΔK value (Fig. 2, Table 3 ).
The estimates of local N e differed strongly between populations (Table 4 ). However, the variation obtained from various estimators for the same population was large. The Chyulu Hills population was estimated to be largest with a harmonic mean of almost 15 000 individuals. However, this population is probably larger as most estimators yielded infinite N e estimates. The Ngangao population of the Taita Hills was estimated to be second largest with a harmonic mean of ∼540 individuals. Here the estimates ranged between ∼300 individuals for the momentbased methods and infinite for the single sample LDNe estimator. The Mbololo (Taita Hills) and Mt. Kulal populations had comparatively small and FRAGMENTATION GENETICS OF A MOUNTAIN BIRD 831 similar harmonic means with 168 and 107 individuals, respectively. The variation around the mean for Mbololo was again large with point estimates between 52 and 911 individuals and low for Mt. Kulal with estimates ranging between 73 and 145 individuals. However, no infinite values of point estimates were obtained for either population. Large confidence intervals around the point estimates further reduced the power of these results. Yet, we feel that it is still worth presenting all results rather than biased picking of one estimator. No consistent deviation from the means was found for any of these methods. Table 2 . Genetic differentiation at different spatial scales as estimated from non-hierarchical and hierarchical AMOVAs -variance values are given in the top line with respective F statistics in parentheses below; A, hierarchical variance analyses based on pre-defined mountain clusters; B, non-hierarchical variance analyses testing for potential differentiation between time cohorts within populations; C, population-specific molecular variance found among individuals within populations at specific time points 
DISCUSSION
DISTINCT EVOLUTION ON MOUNTAIN TOPS
AMOVA and Bayesian Structure analysis indicate highly distinct genetic clusters for each mountain range (Fig. 2) . Levels of genetic divergence, however, do not correspond with geographical distances among populations: the Taita Hills are geographically close to the Chyulu Hills (about 80 km), but are genetically highly distinct from all other population clusters. In Figure 2 . Bayesian structure analyses of populations from the mountain white-eye Zosterops poliogaster performed for K = 1-9. The result for K = 3 supported by a high ΔK value is presented, distinguishing the mountain populations of Taita Hills, Chyulu Hills and Mt Kulal. TH, Taita Hills. Respective ΔK values are given in Table 3 . (White, 1983) . The effects of geological ages (and subsequent time spans available for evolutionary processes) have been demonstrated in a previous study on the family Zosteropidae (Cox et al., 2014) .
EFFECTIVE POPULATION SIZES
The population from Chyulu Hills was estimated to have the highest effective population size, which was expected given the comparatively large, stable and fairly intact state of its mountain forest habitat. High local breeding densities, as inferred from Ne, may reflect a still intact forest habitat with high habitat quality. The Chyulu Hills represent one of the most intact mountain cloud forests of Kenya and have been protected by National Park status for many years. Populations from the nearby Taita Hills had much lower effective population size estimates. While the forest fragment of Mbololo is larger than that of Ngangao, the latter forms part of a meta-population network that comprises several other small indigenous forest remnants and exotic tree plantations (Pellikka et al., 2009) . In contrast, Mbololo is isolated from other Taita forest fragments by a deep valley and is also characterized by a smaller extent of surrounding area above 850 m (critical elevation threshold, Table 1 , see above). Our estimates on the effective population sizes in combination with the two contrasting spatial configurations of the two forest patches (Ngagao, small but part of a forest patchwork; Mbololo, large but geographically isolated from other forest patches) highlight the importance of habitat connectivity to maintain high effective population sizes and genetic diversity. Mt. Kulal still harbours large and intact stretches of highland forest and is characterized by a large climatically suitable habitat (Table 1) . Observations indicate a large census population size of Z. poliogaster (L.B.). However, our models yielded a rather low mean effective population size of N e = 107. This can be explained as being due to several non-exclusive factors: first, the comparatively strong geographical isolation of Mt. Kulal may have driven a loss of genetic information due to genetic drift effects in combination with a lack of genetic refreshment from migrating individuals from other populations. However, the large census population size should limit the effects of genetic drift.
Second, bottlenecks might have occurred in the past, followed by rapid population expansion, potentially explaining the deviation of effective and census population sizes. Third, the mating system and female fecundity of a species can lead to large deviations of census and effective population sizes (Nunney, 1996; Ardren & Kapuscinski, 2003; Watts et al., 2007) . If, for example, variance in female fecundity is high, the ratios of both population size estimates can become increasingly small (Nunney, 1996) . Yet, very little is known about the breeding system and mate choice in our study species. Fourth and lastly, the low effective population size found for Z. poliogaster on Mt. Kulal might be a result of ascertainment bias of the markers or bias in the sampling of genotypes, i.e. due to low sample sizes or non-independent samples (Palstra & Ruzzante, 2008) .
Sample sizes and intervals differed between populations and time points; yet, this supposedly has no large effect on N e estimation (Palstra & Ruzzante, 2008) . In addition, some studies have indicated that, for example, single sample estimators may underestimate the real Ne (Barker, 2011; Holleley et al., 2014) .
Our data clearly indicate the importance of investigating multiple estimators of population size and if possible use different sources of population data when estimating the size of a population. If only a single estimator is used, the results and interpretation may be easier, but can be misleading and may show a incorrect picture of the real status quo. Therefore, while sometimes resulting in confusing variation, it is important to consider different approaches in studies of effective and census population sizes.
TRANSLATING OUR DATA INTO CONSERVATION ACTION:
THE WHY AND HOW Our data set highlights that almost each mountain top harbours distinct local populations with unique alleles (and specific contact calls and morphological characters, Habel et al., 2013a, b; Husemann et al., 2014) . This suggests the existence of distinct evolutionary units and underlines the relevance of preserving each single population cluster, consistent with the concept of Evolutionary Significant Units (Moritz, 1994) or the Conservation Units concept (Vogler & Desalle, 1994; Fraser & Bernatchez, 2001) . In this example, conserving the birds' genetic and phenotypic variability means protecting all local occurrences. The second part of our study, i.e. analyses of the effective population sizes, underlines that connectivity plays a pivotal role in the conservation of intraspecific variability in Z. poliogaster. Neither in the Mbololo forest fragment nor on Mt. Kulal do the estimated effective population sizes reflect the comparatively large extent of forest habitats and large census population sizes, but both regions are highly affected as a result of geographical isolation. Our data show that deviations from census population sizes and Ne can give valuable insight into long-term trends of populations and highlight the relevance of corridors when translating theory into conservation management.
